nature neurOSCIenCe a r t I C l e S The initial formation of connections in the mammalian CNS occurs when axons reach their proper target and is guided largely by molecules that promote synaptogenesis 1,2 . In the cerebral cortex, this initial phase of synapse formation leads to an exuberant number and pattern of connections that are later sculpted by molecules that either strengthen or eliminate synapses in an activity-dependent manner 1 . Recent evidence suggests that the initial establishment of cortical connections is also regulated by molecules that negatively affect connectivity. MEF2 transcription factors, semaphorin-5B and ephexin5 limit the early establishment of glutamatergic synapses in neuronal cultures 3-5 and RSY-1 antagonizes presynaptic assembly in C. elegans 6 . Another molecular family that could negatively regulate the initial establishment of cortical connections is the MHCI family, as these molecules are present in early postnatal cortex and regulate refinement of connections during later stages of development [7] [8] [9] .
a r t I C l e S
The initial formation of connections in the mammalian CNS occurs when axons reach their proper target and is guided largely by molecules that promote synaptogenesis 1, 2 . In the cerebral cortex, this initial phase of synapse formation leads to an exuberant number and pattern of connections that are later sculpted by molecules that either strengthen or eliminate synapses in an activity-dependent manner 1 . Recent evidence suggests that the initial establishment of cortical connections is also regulated by molecules that negatively affect connectivity. MEF2 transcription factors, semaphorin-5B and ephexin5 limit the early establishment of glutamatergic synapses in neuronal cultures [3] [4] [5] and RSY-1 antagonizes presynaptic assembly in C. elegans 6 . Another molecular family that could negatively regulate the initial establishment of cortical connections is the MHCI family, as these molecules are present in early postnatal cortex and regulate refinement of connections during later stages of development [7] [8] [9] .
MHCI molecules are trimeric proteins comprised of a transmembrane heavy chain, a soluble β2-microglobulin (β2m) light chain and a peptide bound to the heavy chain. Complete trimers are transported to the cell surface; in the absence of β2m, MHCI fails to be trafficked to the plasma membrane [10] [11] [12] . In the immune system, MHCI molecules are the primary mediators of the adaptive immune response. In the CNS, MHCI functions in activity-dependent plasticity of the developing visual system [7] [8] [9] 13 . Retinal axons fail to segregate into eye-specific layers in the LGN in transgenic mice in which β2m and TAP1, a protein required for peptide loading, are knocked out (β2m −/− ; Tap1 −/− ) 9 . Similarly, in mice lacking two MHCI genes, H2-K b and H2-D b , retinogeniculate refinement is impaired and ocular dominance plasticity is enhanced 13 . Finally, hippocampal long-term potentiation is enhanced and long-term depression is eliminated in β2m −/− ; Tap1 −/− mice 9 . Although synapse density is not changed in the hippocampus of β2m −/− ; Tap1 −/− mice, miniature excitatory postsynaptic current (mEPSC) frequency is increased in β2m −/− ; Tap1 −/− hippocampal cultures 14 , consistent with the reported changes in longterm synaptic plasticity. Notably, the mEPSC frequency increase in β2m −/− ; Tap1 −/− cortical slices was much larger 14 , suggesting that MHCI molecules may have a greater role in the establishment of cortical versus hippocampal connectivity.
The function of MHCI molecules during the initial establishment of connections in the CNS remains unknown. We found that MHCI proteins are well-positioned to influence the initial establishment of cortical connectivity; they are present on the surface of neurons (sMHCI) at the time of, and in the structures that participate in, synapse formation. By manipulating neuronal sMHCI levels, we found that MHCI proteins negatively regulate the establishment of cortical connections. In cultured neurons, β2m knockdown increased glutamatergic synapse density, whereas overexpression of the GFPtagged MHCI subtype H2-K b decreased it. Similarly, glutamatergic synapse density was higher in neurons from β2m −/− mice both in vitro and in vivo throughout development. MHCI negatively regulated both mEPSC frequency and amplitude. MHCI knockdown also increased GABAergic synapse density and miniature inhibitory postsynaptic current (mIPSC) frequency, but did not change mIPSC amplitude. This differential effect of MHCI on glutamatergic and GABAergic synapses markedly altered the balance of cortical excitation and inhibition. In addition, sMHCI levels were modulated by neuronal activity and were necessary for activity to negatively regulate Major histocompatibility complex class I (MHCI) molecules modulate activity-dependent refinement and plasticity. We found that MHCI also negatively regulates the density and function of cortical synapses during their initial establishment both in vitro and in vivo. MHCI molecules are expressed on cortical neurons before and during synaptogenesis. In vitro, decreasing surface MHCI (sMHCI) on neurons increased glutamatergic and GABAergic synapse density, whereas overexpression decreased it. In vivo, synapse density was higher throughout development in b2m −/− mice. MHCI also negatively regulated the strength of excitatory, but not inhibitory, synapses and controlled the balance of excitation and inhibition onto cortical neurons. sMHCI levels were modulated by activity and were necessary for activity to negatively regulate glutamatergic synapse density. Finally, acute changes in sMHCI and activity altered synapse density exclusively during early postnatal development. These results identify a previously unknown function for immune proteins in the negative regulation of the initial establishment and function of cortical connections. a r t I C l e S glutamatergic synapse density. Finally, these effects of MHCI and neural activity occurred exclusively during the initial establishment of connections.
RESULTS
MHCI is present on the neuronal surface during development MHCI protein has been found in synaptosomes of the adult CNS 9 , is colocalized with PSD-95 in cultured hippocampal neurons 13, 14 , and is present in both axon terminals and postsynaptic densities of synapses in the visual cortex at multiple ages 10 . If MHCI molecules regulate the initial establishment of cortical connectivity, then they must be present in the plasma membrane of neurons before and during synaptogenesis. To test this hypothesis, we examined the localization of MHCI proteins relative to synaptic proteins in low-density dissociated rat cortical neurons, which allowed the unambiguous detection of neuronal MHCI independent of glial MHCI expression. A pan-specific antibody recognizing the conserved, extracellular α-3 domain of the MHCI heavy chain was used to label MHCI protein (OX-18, Serotec; Supplementary Fig. 1 ). The specificity of OX-18 for MHCI was confirmed with three experiments. First, two antibodies raised against different epitopes of MHCI molecules, OX-18 and a rabbit monoclonal antibody (ab52922, AbCAM), produced similar patterns of staining in postnatal day 3 (P3) rat cortical membranes (Supplementary Fig. 1a) . Second, two antibodies raised against different epitopes of MHCI molecules, OX-18 and F16-4-4, produced similar staining patterns in immunocytochemistry (ICC) of 8 days in vitro (div) cortical neurons ( Supplementary Fig. 1b,c) . Finally, there was little-to-no sMHCI staining in 8 div neurons from β2m −/− mice (Supplementary Fig. 1d) .
MHCI proteins were found in the dendrites of all examined cortical neurons in small clusters before (3 div), during (8 div) and after (14 div) the peak of synaptogenesis (Fig. 1a,b) . The density of dendritic MHCI clusters detected after membrane permeabilization (Fig. 1a) did not vary with age in culture (Fig. 1c) . For all experiments, n equals 30 dendrites from 10 neurons for each condition. Most of the values reported here were normalized to age-and culture-matched controls unless otherwise specified to control for inter-experiment variability inherent in young cortical cultures.
To label MHCI proteins on the neuronal surface, we fixed and immunolabeled neurons for both sMHCI and microtubule-associated protein-2 (MAP2) under nonpermeabilizing conditions. To control for fixation-induced permeabilization 15 , we analyzed sMHCI exclusively in MAP2-negative dendrites. MHCI proteins were present on the surface of all of the examined neurons in clusters before, during, and after the peak of synaptogenesis (Fig. 1b) . MHCI clusters were also found on the surface of axons 16 at 3 and 8 div (Fig. 1d) . Although MHCI remained at a constant density over the course of development after permeabilization, the density of sMHCI in dendrites increased twofold from 3 to 14 div (Fig. 1e) . Similar results were obtained in neurons that were labeled for sMHCI before fixation to control for possible fixation-induced permeabilization not detected by the MAP-2 control (Supplementary Fig. 2a ). In addition, MHCI clusters were present on the surface of axonal and dendritic growth cones before contact with other neurons (Fig. 1f) . At this early age, MHCI molecules were also highly colocalized with the synaptic vesicle protein synapsin in isolated axons (83.80 ± 0.58%, n = 18). Thus, MHCI proteins are present at the right time and the right place in the plasma membrane to influence the initial establishment of cortical connections.
Consistent with this hypothesis, MHCI is present at synapses during (8 div) and after (14 div) the period of maximal synaptogenesis (Supplementary Fig. 3 ). However, these data reflect mostly internal MHCI since the permeabilization required to label synaptic proteins disrupted the majority of sMHCI staining (Supplementary Fig. 1e ). Thus, we were unable to visualize synaptic sMHCI or determine the percentage of total sMHCI that was synaptic. Importantly, it is the expression of sMHCI, but not internal MHCI, that changes so dramatically over development (Fig. 1c,e) . a r t I C l e S
As an alternative metric, the ratio between sMHCI and glutamatergic synapses was quantified in separate regions of dendrites from neurons in sister cultures over the course of development. Proximal dendrites were defined as the initial 25 µm of dendrite from the cell soma and distal regions as the remainder (up to 200 µm) of the same primary dendrite. Neither sMHCI nor glutamatergic synapses were evenly distributed along dendrites. At 3 and 8 div, sMHCI clusters were more dense in proximal than in distal dendrites ( Fig. 1g and Supplementary Fig. 2 ), quantified using either density per length or area of dendrite ( Supplementary  Fig. 2b,c) . Conversely, glutamatergic synapses (excitatory synapses) were rarely formed by 3 div, but by 8 div their distribution was low proximally and high distally, as determined by colocalized presynaptic (vGlut1) and postsynaptic (NR2A/B) proteins (Fig. 1h) . By 14 div, both sMHCI and glutamatergic synapses were distributed equally along dendrites (Fig. 1g,h ). This inverse correlation between the density of sMHCI and glutamatergic synapses suggests that if sMHCI regulates the initial formation of cortical connections, it should negatively regulate glutamatergic synapse density.
MHCI molecules negatively regulate synapse density
To test whether sMHCI negatively regulates the initial establishment of glutamatergic connections, we decreased sMHCI levels using both knockdown and knockout approaches and the resulting effects on synapse density were quantified. First, sMHCI levels were decreased specifically during the initial establishment of connections in cortical cultures (5-8 div) using acute RNA interference (Fig. 2) . To knockdown most sMHCI isoforms, we designed an siRNA to target β2m, the light chain required for trafficking MHCI to the plasma membrane [10] [11] [12] . Neurons were transfected at the start of synaptogenesis at 5 div with either β2m siRNA or a nontargeting sequence siRNA (NTS, control), along with an RNA-induced silencing complex (RISC)-free Cy3-tagged siRNA for visual identification of transfected cells. To determine the time course and magnitude of knockdown, we quantified β2m and sMHCI densities at 6, 7 and 8 div. The density of β2m clusters decreased to approximately 50% of control levels by 8 div (Fig. 2a,b) . As expected, sMHCI also decreased to approximately 50% with a similar time course (Fig. 2a,b) . This reduction in sMHCI levels increased glutamatergic synapse density on transfected neurons by approximately 70% (Fig. 2c,d ). These effects were replicated with a separate siRNA targeting a distinct region of β2m (8 div, 1.71 ± 0.13, P < 0.001).
Although sMHCI density was reduced by β2m knockdown, the differential distribution of sMHCI and glutamatergic synapses along dendrites was maintained. β2m knockdown decreased sMHCI and increased synapse density both proximal and distal to the soma by 8 div (Fig. 2e) . In proximal regions where sMHCI levels were higher, synapse density was lower, and vice versa for distal regions. This local inverse relationship suggests that sMHCI density may be differentially regulated in dendritic regions, which could influence the local density of glutamatergic synapses.
The β2m knockdown-induced increase in glutamatergic synapse density was a result of both an increase in density and colocalization of new pre-and postsynaptic protein clusters and an increase in synaptic recruitment of synaptic vesicles. Decreased sMHCI increased the densities of both synaptic vesicle and NMDAR clusters by 39 ± 0.07 and 63 ± 0.07%, respectively (vGlut1, P < 0.001; NR2A/B, P < 0.001). vGlut1 also became enriched at synapses by 26 ± 0.03% (Fig. 2f) , whereas there was no significant change in enrichment of NMDARs at synapses (P = 0.14; Fig. 2f ). These results suggest that sMHCI prevents recruitment of vGlut1 to young synapses and downregulates the abundance of both pre-and postsynaptic glutamatergic protein clusters.
Because extracellular surface β2m can be released from the MHCI complex and potentially signal independent of the heavy chain 17, 18 , the increase in glutamatergic synapse density after β2m knockdown Neurons were transfected with β2m siRNA at 5 div, resulting in a significant decrease in β2m cluster density (green, solid line) within 24 h and reaching a maximum of 51% knockdown by 8 div (6 div, 0.83 ± 0.03, P < 0.001; 7 div, 0.51 ± 0.02, P < 0.001; 8 div, 0.49 ± 0.02, P < 0.001). β2m knockdown decreased sMHCI density (blue, dashed line) within 48 h, reaching a maximum knockdown of 46% also by 8 div (6 div, 0.96 ± 0.05, P = 0.8; 7 div, 0.69 ± 0.02, P < 0.001; 8 div, 0.54 ± 0.02, P < 0.001). The inversely related proximal-distal distributions of sMHCI and glutamatergic synapses were preserved after β2m knockdown (sMHCI density: proximal, 0.60 ± 0.03, P < 0.001; distal, 0.48 ± 0.05, P < 0.001; excitatory synapse (ES) density: proximal, 1.43 ± 0.1, P < 0.01; distal, 2.00 ± 0.14, P < 0.001; * indicates a significant difference from same values in NTS controls, ξ indicates a significant difference from proximal density values). (f) β2m knockdown increased the percentage of vGlut1 clusters at synapses by almost 30% (26 ± 0.03%, P < 0.001), with no effect on NR2A/B enrichment at synapses (1.07 ± 0.03, P = 0.14). (g) Addition of exogenous β2m (eβ2m) did not change the effect of decreasing sMHCI on excitatory synapse density (normalized to β2m siRNA, 0.93 ± 0.04, P = 0.29). (h) Images of dendrites immunostained for synapsin (syn, left) and GABA receptor subunits (GABAR, middle) from neurons transfected with NTS control (left) or β2m siRNA (right). Yellow in the overlay image indicates synapses. (i) Decreasing sMHCI via β2m knockdown increased GABAergic synapse (inhibitory synapse; IS) density by almost 30% (1.27 ± 0.10, P < 0.05, n = 20 dendrites). Scale bars represent 5 µm. a r t I C l e S could result from either a decrease in free β2m signaling or a decrease in sMHCI density. If the increase in synapse density was caused by a lack of free β2m signaling, then adding exogenous β2m (eβ2m) should rescue the effect of β2m knockdown on synapse density. However, the density of glutamatergic synapses on β2m knockdown neurons was unaltered by addition of eβ2m ( P = 0.29; Fig. 2g ), suggesting that free β2m does not regulate synaptogenesis independent of sMHCI and supporting the interpretation that MHCI is instrumental in limiting the initial establishment of cortical connections.
Finally, to determine whether sMHCI also affects the establishment of inhibitory synapses, we transfected neurons with β2m siRNA and immunostained to label GABAergic synapses, which were defined as colocalized synapsin I and GABAR α2/γ2 subunit clusters (GABARs; Fig. 2h ) 19 . By 8 div, β2m knockdown significantly increased GABAergic synapse density by almost 30% (Fig. 2h,i) . This increase in GABAergic synapse density resulted primarily from an increase in the density of synaptic vesicle clusters (36 ± 0.09%; P < 0.001) and a trend toward synaptic enrichment of GABARs (1.17 ± 0.09, P = 0.1) with no change in GABAR density (1.1 ± 0.1, P = 0.44) or synaptic enrichment of synapsin (0.94 ± 0.07, P = 0.52, n = 20 dendrites). Thus, sMHCI molecules normally downregulate the abundance of synaptic vesicle clusters and glutamatergic and GABAergic connectivity.
To rule out the possibility of off-target effects caused by acute β2m knockdown, we quantified glutamatergic synapse density using neurons from mice with a targeted deletion of the β2m gene (β2m −/− ). Mice with this mutation appear to develop normally and have almost no dendritic sMHCI 10 (Supplementary Fig. 1d ). Cortical neurons from P0 β2m −/− and wild-type mice were cultured and immunostained at 8 div for glutamatergic synapses, which were defined as colocalized PSD-95 and vGlut1 puncta. Synapse density was increased in neurons from β2m −/− mice compared with wild type (Fig. 3a-c) , similar to the effects of β2m knockdown, supporting the interpretation that the knockdown results are not due to off-target effects. The increase in synapse density was less in β2m −/− neurons than in knockdown neurons, suggesting that there may be some compensation for the loss of β2m on synapse density in the knockout. Together, results from both the acute knockdown and chronic knockout approaches indicate that MHCI functions to limit the initial establishment of cortical connections.
MHCI limits synapse density in vivo in visual cortex
To determine whether MHCI regulates synapse density in the developing cortex in vivo, we quantified synapse density from electron micrographs of layer 5 of primary visual cortex from β2m −/− and wildtype mice at four ages: the start of synaptogenesis (P8), the peak of synaptogenesis (P11), the peak of the critical period for visual cortical plasticity (P23) and in the adult (P60). Synapses were identified based on standard criteria 20 and their density was quantified from a large area of neuropil (Fig. 3d,e) . Symmetric and asymmetric synapses were not differentiated, as discriminating them is difficult them in young cortical tissue.
At all of the ages that we examined, β2m −/− mice had substantially higher synapse density per unit area of neuropil (Fig. 3d) . The total synapse density in β2m −/− mice was 52% greater at P8, 100% greater at P11, 33% greater at P23 and 50% greater in the adult than in the wildtype controls. Thus, MHCI molecules also limit the establishment of cortical synapses in vivo during the initial formation of connections, consistent with our data from neuronal cultures. Moreover, MHCI does not simply delay the establishment of connections, but rather limits synapse density at all ages.
MHCI bidirectionally regulates synapse density
If sMHCI negatively regulates cortical connectivity, then MHCI overexpression should decrease glutamatergic synapse density. To test this hypothesis, we transfected a single MHCI gene fused to the gene encoding cyan fluorescent protein (H2-K b -CFP) into neurons at 6 div and assessed glutamatergic synapse density at 8 div. H2-K b is a mouse isoform of MHCI expressed in the cortex early in development 8, 9, 13 . MHCI overexpression increased sMHCI levels in cultured rat neurons by about 75% by 8 div (Fig. 4a,b) and decreased synapse density by a third (Fig. 4b,c) . Notably, MHCI overexpression decreased synapse density to levels less than those at 5 div (normalized to 5 div, 0.76 ± 0.06, P < 0.05, n = 15 dendrites, 5 cells), suggesting that MHCI may actively eliminate synapses as well as limit their formation. MHCI overexpression and knockdown elicit opposite effects on glutamatergic synapse density, demonstrating that MHCI bidirectionally regulates the initial establishment of cortical connectivity.
The MHCI overexpression-induced reduction in synapse density resulted from both a decrease in synaptic proteins and in synaptic The effects of MHCI overexpression also support the conclusion that sMHCI levels regulate synapse density locally on dendrites. MHCI overexpression increased sMHCI both proximal and distal to the soma, ablating the proximal-distal distribution (Fig. 4d) . The distribution of glutamatergic synapse density was similarly ablated (Fig. 4d) . These results support the interpretation that local concentrations of sMHCI regulate the local density of glutamatergic synapses.
Finally, MHCI overexpression also decreased the density of GABAergic synapses by 26% (Fig. 4e,f) . In these neurons, there was no significant change in the density of pre-and postsynaptic proteins (synapsin, 1.0 ± 0.07, P = 0.86; GABARs, 0.85 ± 0.07, P = 0.18), nor was there a change in synaptic enrichment of GABARs (0.86 ± 0.07, P = 0.15). However, there was a significant decrease in synapsin enrichment at inhibitory synapses (0.76 ± 0.06, P < 0.01), suggesting that MHCI may limit the accumulation of synaptic vesicles at nascent GABAergic synapses, similar to its proposed role at glutamatergic synapses. knockdown significantly increased both mEPSC frequency (2.74 ± 0.60, P < 0.001, n = 8) and amplitude (1.63 ± 0.22, P < 0.05, n = 8; * indicates significant difference from NTS values), whereas H2-K b overexpression decreased both measures (frequency, 0.45 ± 0.04, P < 0.001, n = 8; amplitude, 0.72 ± 0.10, P < 0.05, n = 8; * indicates significant difference from control values). (f) In contrast, β2m knockdown significantly increased mIPSC frequency (1.77 ± 0.12, P < 0.05, n = 12; * indicates significant difference from NTS values), whereas H2-K b overexpression decreased it (0.68 ± 0.10, P < 0.05, n = 12; * indicates significant difference from control values), but neither manipulation changed mIPSC amplitude (knockdown, 0.96 ± 0.03, P = 0.78; overexpression, 1.01 ± 0.03, P = 0.36).
a r t I C l e S

MHCI negatively regulates synaptic transmission
To determine whether MHCI alters synaptic transmission, we used two approaches, FM dye labeling and whole-cell patch-clamp recording. First, FM1-43 and FM4-64 were used to determine the density of presynaptic terminals that were capable of depolarization-dependent vesicle cycling 21 . β2m knockdown increased the density of functional presynaptic terminals labeled by FM1-43 by 55% (Fig. 5a) , implying that many of the new synapses formed during sMHCI suppression are capable of synaptic vesicle release. Conversely, MHCI overexpression decreased the density of functional, FM4-64-labeled presynaptic terminals by approximately 35% (Fig. 5b) . Manipulation of sMHCI levels also changed glutamatergic and GABAergic synaptic transmission. β2m knockdown more than doubled the frequency of mEPSCs (Fig. 5c,e) , whereas MHCI overexpression decreased mEPSC frequency by more than half (Fig. 5c,e) . These data are consistent with the direction of changes in synapse density measured using ICC (Figs. 2 and 4) . Because mEPSC frequency was increased to a much greater magnitude than synapse density, MHCI effects on presynaptic release probably also contribute to changes in mEPSC frequency. To our surprise, mEPSC amplitude also changed in neurons with altered sMHCI levels. β2m knockdown increased mEPSC amplitude, while MHCI overexpression decreased it (Fig. 5c,e) . Although the effects on GABAergic transmission were generally smaller in magnitude, β2m knockdown also increased mIPSC frequency, whereas MHCI overexpression decreased it (Fig. 5d,f) . Similar results were obtained using two distinct recording procedures for mIPSCs (Supplementary Fig. 4) . These results are similar to those measured using ICC both in direction and magnitude. However, unlike the changes in strength of glutamatergic synapses, there was no change in mIPSC amplitude following MHCI manipulations (Fig. 5f) . These data suggest that MHCI negatively regulates glutamatergic synaptic strength, in addition to controlling both glutamatergic and GABAergic synapse density.
Because the changes in glutamatergic and GABAergic transmission were different in magnitude, we next examined whether MHCI levels dictate the balance of excitation and inhibition onto young cortical neurons. Following MHCI manipulations, the amount of charge transferred during excitatory neurotransmission (mEPSCs; Fig. 5c ) was divided by that transferred during inhibitory neurotransmission (mIPSCs; Fig. 5d ). Charge was calculated as the average integrated area of each event multiplied by the average frequency. The excitation/ inhibition ratio doubled as a consequence of β2m knockdown and decreased by about 70% from MHCI overexpression (knockdown, 3.56/1.75 = 2.03; overexpression, 0.25/0.78 = 0.32). Thus, MHCI controls the ratio of excitation to inhibition on cortical neurons; altering sMHCI expression can profoundly change that balance during the initial establishment of cortical connections.
Homologous MHCI negatively regulates synapse density Although trafficking of MHCI out of the endoplasmic reticulum to the cell surface requires association between the MHCI heavy chain and β2m [10] [11] [12] , this complex (heterologous sMHCI) can dissociate once inserted into the plasma membrane, resulting in release of β2m and generation of 'free' heavy chain (homologous sMHCI) 17, 18, 22 . Homologous sMHCI self associates 23 and enables binding to other proteins 24 . The ratio of homologous to heterologous sMHCI is dynamic, as homologous sMHCI can also re-associate with β2m 23, 25, 26 .
To test whether the homologous to heterologous ratio of sMHCI regulates glutamatergic synapse density, we treated neurons with eβ2m for 36 h and assessed the ratio by comparing the density of sMHCI with and without sβ2m. Treatment with eβ2m decreased the percentage of homologous sMHCI by 45 ± 0.05% (Fig. 6a) , revealing that both heterologous and homologous MHCI are normally present on neurons. Decreasing the density of homologous sMHCI clusters increased the density of glutamatergic synapses by about 50% (Fig. 6b,c) . Thus, it is not the presence of sMHCI, but specifically free MHCI heavy chain that is critical for negatively regulating synapse density in early cortical development.
MHCI modulates activity-dependent synaptogenesis
Although MHCI mRNA expression is regulated by neuronal activity 8, 27 , the effect of synaptic activity on sMHCI protein levels remains unknown. To determine whether and in what direction synaptic activity regulates sMHCI in young cortical cultures, we acutely blocked neural activity by suppressing sodium-dependent action potentials with 1 µM tetrodotoxin (TTX) for 24 h between 7-8 div. TTX treatment decreased sMHCI levels 25% by 8 div (Fig. 7a) without shifting the homologous to heterologous ratio (0.91 ± 0.08, P = 0.47, n = 15 dendrites). Notably, TTX had the opposite effect on MHCI levels detected after permeabilization (41.2% increase in MHCI levels; Supplementary Fig. 5a,b) , providing more evidence that sMHCI is highly regulated and that the distribution of MHCI after permeabilization does not necessarily reflect sMHCI.
Because neural activity regulates sMHCI levels and sMHCI regulates glutamatergic synapse density, activity may regulate glutamatergic synapse density by altering sMHCI in early cortical development. To test this hypothesis, we treated cultures with TTX (1 µM) for 24 h and glutamatergic synapse density was assessed at 8 div. At this age, TTX treatment increased synapse density by 45% (Fig. 7b,c) . This increase was obtained not only by quantifying NR2A/B-vGlut1-positive synapses (Fig. 7b,c) , but also by quantifying synapsin-PSD-95-positive synapses (1.35 ± 0.09, P < 0.01, n = 8 dendrites, 4 neurons each) and vGlut1-GluR1/2-positive synapses (1.52 ± 0.12, P < 0.01, a r t I C l e S n = 6 dendrites, 3 neurons each). Thus, the new synapses formed during activity blockade were not 'silent' synapses. Similar to sMHCI, neural activity acts to limit the density of glutamatergic synapses during the initial establishment of cortical connectivity. Although TTX treatment decreased sMHCI and increased glutamatergic synapse density both proximal and distal to the soma, it inverted their proximal-distal distribution (Fig. 7d) . sMHCI levels decreased in proximal regions to a greater extent than in distal regions. As the local sMHCI distribution shifted, the distribution of glutamatergic synapses also changed, maintaining the inverse relationship between sMHCI and synapse levels and inverting the differential distribution found in control neurons (Fig. 7d) . These data support the conclusion that local dendritic sMHCI levels regulate the density of local innervation.
The increase in glutamatergic synapse density following activity blockade was a result of both an increase in density of pre-and postsynaptic proteins and an increase in their synaptic recruitment. Similar to the effects of decreasing sMHCI, TTX increased the densities of synaptic vesicles, NMDARs and PSD-95 (vGlut1, 1.33 ± 0.06, P < 0.001, n = 47 dendrites, 19 neurons; NR2A/B, 1.22 ± 0.04, P < 0.001, n = 29 dendrites, 10 neurons; PSD-95, 1.34 ± 0.08, P < 0.01, n = 6 dendrites, 3 neurons) and modestly increased the synaptic recruitment of vGlut1 (vGlut1, 1.12 ± 0.04, P < 0.001). However, unlike the effects of decreasing sMHCI, TTX also increased the synaptic recruitment of glutamate receptors by 20-30% (% synaptic NR2A/B, 1.18 ± 0.04, P < 0.001, n = 29 dendrites, 10 neurons; % synaptic GluR1, 1.32 ± 0.07, P < 0.05, n = 6 dendrites, 3 neurons; % synaptic GluR2, 1.27 ± 0.03, P < 0.05, n = 6 dendrites, 3 neurons). Thus, blockade of neural activity and suppression of sMHCI increase glutamatergic synapse density via overlapping mechanisms.
To determine whether TTX requires changes in sMHCI levels to increase glutamatergic synapse density, we overexpressed sMHCI during TTX treatment to attempt to rescue the effect. Consistent with this hypothesis, MHCI overexpression completely prevented the TTX-induced increase in synapse density (Fig. 7e) . Moreover, MHCI and TTX appear to function in overlapping pathways, as decreasing sMHCI in the presence of TTX did not increase glutamatergic synapse density above the increase elicited by either treatment alone (TTX, 1.44 ± 0.07, P < 0.001; TTX + β2m knockdown, 1.43 ± 0.05, P < 0.001; β2m knockdown, 1.69 ± 0.05, P < 0.001; n = 24 dendrites from 8 neurons each). These data indicate that the ability of neural activity to influence glutamatergic synapse density in early postnatal development depends, at least in part, on MHCI.
MHCI and activity regulate synapse density only in young cortex
To test whether the ability of neural activity and sMHCI to negatively regulate glutamatergic synapse density is developmentally regulated, we treated older cortical neurons (13 div) with TTX or eβ2m or transfected them with H2-K b -CFP. Neither activity blockade nor changing sMHCI levels altered glutamatergic synapse density in older neurons (TTX, 0.89 ± 0.05, P = 0.21, n = 15 dendrites, 5 cells; H2-K b -CFP, 0.97 ± 0.05, P = 0.60, n = 11 dendrites, 5 cells; eβ2m, 1.07 ± 0.06, P = 0.41, n = 5 dendrites, 5 cells). Thus, the ability of both neural activity and sMHCI to regulate glutamatergic synapse density is specific to the period of the initial establishment of cortical connections.
DISCUSSION
Although MHCI molecules regulate activity-dependent refinement during late postnatal development [7] [8] [9] 13 , the function of these molecules in the initial establishment of connections in the CNS remains unknown. We found that MHCI molecules are present in the plasma membrane of both axons and dendrites of cortical neurons before and during synapse formation. MHCI negatively regulates the density and function of glutamatergic and GABAergic connections and controls the balance of cortical excitation and inhibition. In addition, neural activity regulates glutamatergic synapse density in part through MHCI. Finally, the ability of MHCI molecules and neural activity to modulate cortical glutamatergic connectivity occurs selectively during the early postnatal period.
There are relatively few reports of molecules that limit the initial establishment of cortical connectivity. Recently, it has been shown that MEF2 transcription factors, semaphorin-5B and ephexin5 negatively regulate the early establishment of glutamatergic connections in mammalian cultures [3] [4] [5] and RSY-1 antagonizes presynaptic assembly in C. elegans 6 . Our results identify MHCI as a new class of molecules that limit early postnatal connectivity in the CNS. These findings counter the prevailing assumption that the initial establishment of connectivity in the CNS is guided primarily by molecules proximal, 0.63 ± 0.03, P < 0.001; distal, 0.83 ± 0.06, P < 0.05) and glutamatergic synapses (ES; proximal, 1.89 ± 0.15, P < 0.001; distal, 1.22 ± 0.06, P < 0.05), but maintained the inverse relationship between local levels of sMHCI and excitatory synapses (ξ indicates a significant difference of distal density from same age proximal density values). (e) The TTX-induced increase in excitatory synapse density was completely prevented by MHCI overexpression (OE) (TTX, 1.44 ± 0.05, n = 25 dendrites, P < 0.001; MHCI overexpression, 0.77 ± 0.03, n = 71, P < 0.001; MHCI overexpression + TTX, 0.57 ± 0.03, n = 48, P < 0.001).
a r t I C l e S that promote synaptogenesis 1, 28 and instead support an alternative hypothesis, that synapse formation is bidirectionally controlled. Our observation that MHCI negatively regulates glutamatergic synapse formation in cortical neurons differs from a recent report showing that there is no change in synapse density in older postnatal hippocampal cultures or in vivo in the hippocampus of β2m −/− ; Tap1 −/− mice 14 . Although the increase in mEPSC frequency in hippocampal neurons in these knockout mice is caused by a modest increase in the number of synaptic vesicles per synapse 14 , the reported doubling of mEPSC frequency between cortical neurons in these mice 14 must be caused, at least in part, by an increase in glutamatergic synapse density, a hypothesis that is consistent with our results. Changes in sMHCI levels altered synapse density by every measure used in our study. First, acute β2m knockdown increased glutamatergic and GABAergic synapse density in vitro, measured by ICC and electrophysiology. Second, glutamatergic synapse density was also increased in cultured neurons from β2m −/− mice. Third, MHCI overexpression caused the predicted, opposite results from β2m knockdown or knockout. Fourth, synapse density was increased in layer 5 of visual cortex in β2m −/− mice at every age examined, indicating that the changes observed from acute knockdown and overexpression do not simply reflect temporal shifts in synapse formation. Moreover, because acute manipulations of sMHCI affected synapse density only during the initial establishment of connections, our results suggest that changes in sMHCI in early postnatal development may have lasting effects on cortical circuitry. Finally, predicted changes in synapse density were obtained following alterations of sMHCI by eβ2m and TTX treatment, neither of which involved directly manipulating MHC gene expression. Together, these results provide strong support for the conclusion that sMHCI is integral to limiting synapse density during the initial establishment of cortical connections and that chronic decreases in sMHCI levels, as in the β2m −/− mouse, would cause markedly increased cortical connections, especially during two critical periods of development: the initial formation of connections and activity-dependent refinement of those connections.
In addition to its ability to control both glutamatergic and GABAergic synapse density, sMHCI regulates the function of glutamatergic synapses. β2m knockdown increased both mEPSC frequency and amplitude, whereas MHCI overexpression decreased both measures. These changes in mEPSC frequency are consistent with changes in synapse density as well as changes in presynaptic release, as seen previously in mature hippocampal neurons from β2m −/− ; Tap1 −/− mice 14 . However, the effect of sMHCI on mEPSC amplitude is surprising given the lack of change in mEPSC amplitude in cortical slices from β2m −/− ; Tap1 −/− mice 14 . Perhaps this difference is a result of homeostatic compensation in the function of glutamatergic synapses in the knockout mouse with age. Regardless, sMHCI clearly controls the function of young glutamatergic synapses by altering the quantity of functional AMPA receptors at synapses, which mediate mEPSC amplitude. In contrast with glutamatergic synapses, sMHCI appears to affect mIPSC frequency, but not amplitude, suggesting that sMHCI alters GABAergic synapse density and possibly also presynaptic release at GABAergic synapses. Finally, although sMHCI alters glutamatergic and GABAergic synapse density and function in the same direction, the magnitude of change is less for GABAergic synapses, leading to marked changes in the excitation and inhibition balance onto young cortical neurons. Future work is needed to clarify how sMHCI controls synaptic AMPAR dynamics, whether (and how) it controls presynaptic release, and the ramifications of changes in excitation and inhibition balance for cortical network formation and plasticity.
Although neural activity is not required for synapses to form in the mammalian CNS [29] [30] [31] [32] , synaptic transmission may modulate the number of synapses that a neuron forms 33 . We found that suppression of action potentials for just 24 h increased glutamatergic synapse density at 8 div. Consistent with this result, increases in the density of synapses and pre-and postsynaptic proteins and synaptic recruitment of glutamate receptors have been described in older hippocampal and cortical neurons following either chronic or acute TTX treatment [34] [35] [36] . However, in younger neurons (7-10 div), 48 h of TTX has been reported to change only the glutamate receptor content of existing synapses, with no change in presynaptic properties or synapse number 36 . It is possible that our experiments have revealed a previously unknown effect of activity blockade during the initial establishment of cortical connections that changes as cortical networks mature. Indeed, the high percentage of synaptic vesicles found at synapses in the previous report 36 indicates that those cultures were more mature than ours. In sum, our results are consistent with the conclusion that different rules of homeostasis apply in young versus older neurons [36] [37] [38] [39] [40] , but extend those models by providing evidence that neurons respond to altered network activity by changing synapse density during the initial establishment of cortical connectivity.
Manipulation of both neural activity and sMHCI levels revealed that neural activity regulates glutamatergic synapse density at least in part through its effects on sMHCI levels. This conclusion is consistent with recent studies that found that MHCI may be required for synaptic scaling induced by TTX treatment in older hippocampal neurons 14 . In our experiments, MHCI overexpression prevented the TTX-induced increase in synapse density. However, the degree of increase in synapse density that we observed after TTX treatment was greater than would be expected from the sMHCI decrease, suggesting that additional pathways mediate these effects together with MHCI. Similarly, the TTX-specific enrichment of both pre-and postsynaptic proteins at new synapses and the sMHCI-specific synaptic enrichment of only glutamatergic synaptic vesicles indicate that their underlying mechanisms are overlapping, but not identical.
Although most of the effects described here are the results of changing postsynaptic sMHCI levels, the mechanisms by which MHCI proteins regulate the initial establishment of cortical connections remain unknown. Because synapse density at any age is the net result of synapse formation and elimination, it is possible that MHCI controls cortical connectivity by altering either or both of these processes. MHCI may regulate trafficking of synaptic vesicle precursors to, or their stabilization at, nascent synapses. Synaptic vesicle precursors are highly colocalized with sMHCI in axons before synaptogenesis, synaptic vesicles at mature synapses are colocalized and co-fractionate with MHCI 10 , and both gain-of-function and loss-of-function studies revealed that sMHCI regulates the density and synaptic enrichment of glutamatergic and GABAergic synaptic vesicles. These data are consistent with the increase in synaptic vesicle density seen in hippocampal synapses in adult β2m −/− ; Tap1 −/− mice 14 . sMHCI may also regulate the transcription of synaptic proteins, leading to changes in their density and availability during synaptogenesis, as ligation of MHCI alters gene expression in non-neuronal cells 41 . In addition to functioning across the synapse in trans by binding to an as yet unknown MHCI receptor, sMHCI could also limit glutamatergic synapse density indirectly by interacting with other proteins in cis on the same cell 24, [42] [43] [44] . In other cell types, increasing the homologous to heterologous sMHCI ratio increases binding of MHCI with other proteins in cis 45 , changing their surface expression and altering their sensitivity to ligand. We found that homologous, but not heterologous, MHCI limits synapse density. Thus, the homologous to heterologous a r t I C l e S sMHCI ratio is critical for sMHCI signaling and function in neurons, as in other cell types. Defining which proteins interact with MHCI in trans and/or in cis will be an important future step in identifying how MHCI regulates synapse density.
The inverse, non-uniform distributions of sMHCI and glutamatergic synapses on dendrites of young cortical neurons suggest that local regulation of sMHCI density may serve as a mechanism for cortical neurons to locally regulate glutamatergic synapse density. Consistent with this idea, this inverse relationship was maintained after all of the manipulations in our study, even those that inverted the original distribution. To the best of our knowledge, this is one of the first demonstrations of a protein whose irregular distribution appears to regulate the dendritic location of synapses in an activitydependent manner. It is also possible that local control of sMHCI and synapse density might be instructive for the elaboration of dendritic arbors. Limiting the formation of too many synapses in proximal dendrites while permitting synapse formation in more distal growing dendritic regions could maximize the number of neurons with which a given neuron connects and allow for extended dendritic arbors to develop. In this way, sMHCI may help to determine whether and where synapses form on young neurons during the initial establishment of cortical connectivity.
Because MHCI molecules mediate the immune response 46 and regulate cortical connectivity 9, 14 , as well as the balance of excitation and inhibition in the brain, it is possible that an abnormal systemic immune response during early cortical development could alter neuronal connectivity and change cognition by changing neuronal MHCI levels. This hypothesis is receiving increased attention as a result of mounting evidence for immune dysregulation in a number of neurodevelopmental disorders, including autism and schizophrenia 41, 47, 48 . Our findings are consistent with the idea that altering MHCI proteins during early cortical development could alter cortical connectivity and the balance of excitation and inhibition, pathologies characteristic of these disorders. To determine the relevance of our results to disease, it will be critical to define whether, how and when systemic immune dysregulation might alter neuronal MHCI to cause changes in cortical connectivity.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
